Electron cryomicroscopy of frozen-hydrated twodimensional crystals of NhaA, a Na ⍣ /H ⍣ antiporter from Escherichia coli predicted to have 12 transmembrane α-helices, has facilitated the calculation of a projection map of NhaA at 4.0 Å resolution. NhaA was homologously expressed in E.coli with a His 6 tag, solubilized in dodecyl maltoside and purified in a single step using Ni 2⍣ affinity chromatography. Twodimensional crystals were obtained after reconstitution of purified protein with E.coli lipids. The projection map reveals that this secondary transporter has a highly asymmetric structure in projection. NhaA exhibits overall dimensions of~38⍥48 Å with a ringshaped density feature probably corresponding to a bundle of tilted helices, adjacent to an elongated region of density containing several peaks indicative of transmembrane helices. Two crystal forms with p22 1 2 1 symmetry show tightly packed dimers of NhaA which differ in the interactions between adjacent dimers. This work provides the first direct glimpse into the structure of a secondary transporter.
Introduction
NhaA, a 42 kDa Na ϩ /H ϩ antiporter from Escherichia coli inner membranes, is the focus of the present investigation into the structure of a secondary transporter using electron crystallography. Secondary transporters comprise a large and diverse group, and mediate the movement of small substrates including ions, sugars and amino acids across cell membranes using energy supplied by transmembrane ion gradients. In order to fully understand how these proteins couple substrate transport to the proton or sodium motive force, detailed structural information is required. At present, however, very little direct structural information is available for any secondary transporter. Escherichia coli transporters provide excellent systems for structural studies because of the relative ease of overexpression and purification of these proteins. Analysis of the E.coli genome demonstrates the presence of~160 secondary transporters
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© European Molecular Biology Organization in 65 families ranging from 110-500 amino acids in length, with the most common topology predicted to be that of 12 transmembrane (TM) helices (Paulsen et al., 1998) .
NhaA, one of three Na ϩ /H ϩ antiporters in E.coli, is a member of the prokaryotic NhaA family which functions principally in the adaptation to high salinity and alkaline pH (for reviews see Schuldiner, 1994a,b, 1996) . NhaA uses the driving H ϩ gradient to expel Na ϩ from the cell, thereby preventing Na ϩ toxicity as well as helping to maintain the Na ϩ gradient used by other secondary transporters. This 388 residue protein is predicted to have 12 TM α-helices, with the 7th and 8th TM helices appearing shorter than usual (Rothman et al., 1996) . NhaA exhibits a stoichiometry of 2 H ϩ :1 Na ϩ and its activity is markedly influenced by pH (Taglicht et al., 1991) . Activity increases by~1000-fold between pH 7 and 8, and is correlated with a conformational change . NhaA is homologously overexpressed in E.coli with a His 6 tag, and can be obtained in milligram quantities after solubilization of membranes in dodecyl maltoside and purification on a single Ni 2ϩ chelation chromatography column (Olami et al., 1997) .
Electron crystallography has emerged as a powerful tool to determine the structure of membrane proteins from two-dimensional (2D) crystals (Walz and Grigorieff, 1998) , including several of them close to atomic resolution (Henderson et al., 1990; Kühlbrandt et al., 1994; Kimura et al., 1997) . 2D crystals of a number of secondary transporters have been obtained previously, including the membrane domain of human erythrocyte Band 3 (Wang et al., 1993 , full-length Band 3 (Dolder et al., 1993) , homologously overexpressed E.coli melibiose permease (Rigaud et al., 1997) and lactose permease (Zhuang et al., 1999) . All of these studies were conducted in negative stain and as a result provide low resolution insights into the overall size and shape of these transport proteins. The 2D crystallization of NhaA was undertaken in an effort to obtain large, well ordered crystals so that electron cryomicroscopy could be used to uncover internal structural details of this representative secondary transport protein.
Results and discussion
Two-dimensional crystallization trials of NhaA have yielded a variety of crystal forms with different crystal morphologies, lattices and symmetries, and exhibiting varying degrees of order and stability (K.A.Williams, manuscript in preparation). Well ordered NhaA 2D crystals were obtained after detergent removal by dialysis and take the form of tubular vesicles which are 0.4-1.0 μm in width and 0.7-4.0 or more micrometers in length (Figure 1 ). These crystals flatten on the microscope grid to form two planar lattices which can be processed independently. They are obtained at low pH where NhaA is expected to be in a conformation associated with the inactive state. It is not clear whether the production of well ordered crystals requires that NhaA be held in this inactive state or is due instead to pH-dependent behavior of the crystallization mixture.
Two slightly different crystal forms were obtained under the crystallization regime used in this study depending upon the choice of dialysis buffer. Crystals exhibiting unit cell dimensions of 48ϫ181 Å (hereafter described as the smaller unit cell) were obtained when the dialysis buffer contained a mixture of glycerol and methylpentanediol (MPD), while crystals with a slightly larger unit cell of 48ϫ191 Å (the larger unit cell) were obtained when only glycerol was present in the dialysis buffer. The crystals with the smaller unit cell form the focus of this study as these crystals were more highly ordered, larger, more stable and more reproducible. Low-dose images of frozen-hydrated crystals preserved in tannin show strong reflections at~8 Å by optical diffraction, and after correction for lattice distortions yield structure factors beyond 4.0 Å resolution ( Figure 2A ). Images of crystals exhibiting the larger unit cell show reflections at~13 Å by optical diffraction, and after correction for lattice distortions yield structure factors beyond 8.0 Å resolution. Both crystal forms exhibit p22 1 2 1 symmetry on the basis of phase comparisons of symmetry-related reflections (Valpuesta et al., 1994) . A projection map of NhaA crystals, with data truncated at 8 Å resolution and with p22 1 2 1 symmetry enforced ( Figure 3A ) from exhibiting the small unit cell was calculated after merging data from three independent lattices (Table I; Figure 2B ), whereas the 8 Å map from exhibiting the large unit cell was calculated from a single image ( Figure 3B ). In both crystal forms, a unit cell contains four molecules of NhaA which appear as dimers related by a crystallographic 2-fold axis perpendicular to the membrane, and two additional 2-fold screw axes perpendicular to a and b. This results from the dimers being present in alternately up and down orientations. There is excellent overall agreement within each NhaA molecule between the two maps. However, the packing of dimers is different in the two crystal forms. The dimers in the smaller unit cell are rotated~20°r esulting in closer inter-dimer packing and the introduction of additional close contacts between dimers presumably resulting in better crystalline order. It is not known whether NhaA occurs in vivo and is active as a monomer or dimer, so it should be kept in mind that the dimer observed in these projection maps may simply reflect favorable crystallographic interactions.
A dimer of NhaA at 4.0 Å resolution is shown in Figure 3C , with a putative monomer outlined. The molecular boundaries of the dimer were apparent from the large spacing between dimers in crystals exhibiting the large unit cell. NhaA is predicted to have 12 TM helices with relatively short connecting loops (Rothman et al., 1996) . As a result, the density observed in projection should arise predominantly from these TM helices. NhaA exhibits a relatively open, irregular structure with overall dimensions (Henderson et al., 1986) . The largest boxes and smallest numbers describe the most significant reflections. Concentric rings indicate the zero crossings of the contrast transfer function. Fourier components were plotted to 3.5 Å resolution. (B) Combined phase error to 3.7 Å resolution for the 48ϫ181 Å lattice after merging three lattices from separate images. The size of the boxes correspond to the phase error after averaging and rounding to 0°or 180°associated for each measurement (1, Ͻ8°; 2, Ͻ14°; 3, Ͻ20°; 4, Ͻ30°; 5, Ͻ40°; 6, Ͻ50°; 7, Ͻ70°; 8, Ͻ90°, where 90°is random). Values from 1-4 are shown as numbers inside boxes, whereas those from 5-8 are indicated with decreasing box size. The phases were constrained to 0°or 180°since the projection is centrosymmetric. An isotropic temperature factor (B ϭ -200) was applied to compensate for the resolution dependent degradation of image amplitudes (Unger and Schertler, 1995; Unger et al., 1997) . (B) Projection density map of NhaA at 8 Å resolution calculated from amplitudes and phases from a single image of crystals exhibiting the larger unit cell with dimensions 48ϫ191 Å, and with p22 1 2 1 symmetry enforced. The phase errors after rounding to 0°or 180°were 9.3°to 16 Å, 16.5°to 11.3 Å, 23.3°to 9.2 Å and 38.2°to 8 Å with the overall error for 91 reflections to 8 Å being 20.4°. A temperature factor (B ϭ -200) was applied to compensate for the resolution dependent degradation of image amplitudes. The map was scaled to a maximum density of 250 and contoured in steps of 21 (r.m.s. density ϭ 74.0). The two maps exhibit excellent overall agreement. Minor discrepancies between the maps probably reflect differences in phase statistics and completeness, although it is possible that NhaA may exhibit slightly different conformations depending upon the crystal form. (C) A dimer of NhaA exhibiting the 48ϫ181 lattice at 4.0 Å resolution with only positive contours shown. A putative monomer is outlined. A temperature factor of B ϭ -50 was used to compensate partially for the resolution-dependent degradation of image amplitudes. The map was scaled to a maximum density of 250 and contoured in steps of 17.2 (r.m.s. density ϭ 68.9). of~38ϫ48 Å which is consistent with a 42 kDa bundle of TM helices. Perhaps the most striking feature of the map is the marked asymmetry evident within NhaA in projection. There is a ring-or 'C'-shaped density feature adjacent to an elongated region of density which exhibits a number of peaks including several which are relatively distant from the remainder of the molecule. The ringshaped feature is not well resolved into individual peaks, possibly indicative of a bundle of tilted TM helices. There 3561 are several particularly strong density peaks which may correspond to TM helices oriented perpendicular, or nearly so, with respect to the membrane plane. These include a well resolved peak at the end of the elongated region which appears to mediate inter-dimer contacts, as well as a peak in the center of the elongated region and another on the most distant side of the ring-shaped density region.
The dimer interface appears to have two principal sites of interaction between monomers. a Symmetry was determined using ALLSPACE (Valpuesta et al., 1994) . For example, for lattice 4572 the phase residual for plane group p22 1 2 1 to 4 Å resolution was 37.1°(1263 comparisons of reflections with IQ ഛ7), in good agreement with the target residual 38.0°. For the same lattice, the phase residual for p22 1 2 1 to 6 Å resolution was 26.6°( 769 comparisons), compared with the target residual of 27.3°. As expected, plane groups of lower symmetry with 2-fold symmetry and screw axes (p2, p121b and p121a), were either as good as or close to their target residuals, however, with considerably fewer phase comparisons than p22 1 2 1 . b Including reflections with IQ ഛ7 to 3.7 Å. c Amplitude weighted, vectorially averaged phase residual which shows the phase deviation from theoretical 0°/180°(45°is random). The overall phase error associated with merging the three images to 4 Å resolution, without the deviation from 0°/180°, was 25.2°(90°is random).
Many 12 TM secondary transporters are postulated to have arisen from the duplication of an ancient six TM segment. However, sequence analysis of NhaA does not give evidence for internal duplication. The 12 TM secondary transporter motif is perhaps the most commonly predicted topology, but it is not clear whether these proteins will form a homogeneous group with respect to structure. Clearly, not all 12 TM proteins have the same structure as is shown, for example, by subunit I of cytochrome c oxidase which displays apparent 3-fold symmetry with helices organized into three 4-helix bundles (Iwata et al., 1995) , which is clearly different from the TM helix organization found in NhaA. Proteins which function as channels and facilitate bi-directional substrate flow across membranes frequently exhibit a high degree of symmetry. For example, oligomeric channel proteins such as the Streptomyces lividans K ϩ channel displays 4-fold symmetry (Doyle et al., 1998) , while the gap junction exhibits 6-fold symmetry (Unger et al., 1997) . The monomeric channel protein AQP1 displays apparent local near-2-fold symmetry in the three-dimensional structure (Cheng et al., 1997; Li et al., 1997; Walz et al., 1997) . In contrast, transport proteins which exhibit directionality in their transport reactions, such as the H ϩ -ATPase (Auer et al., 1998) , Ca 2ϩ -ATPase (Zhang et al., 1998) , bacteriorhodopsin (Henderson et al., 1990) and NhaA, do not exhibit such symmetry in projection.
The ring-shaped feature of NhaA is reminiscent of the AQP1 projection structure (Mitra et al., 1995; Walz et al., 1995) , which has been shown to consist of a bundle of six highly tilted TM helices (Cheng et al., 1997; Li et al., 1997; Walz et al., 1997) . The dimensions differ, however, with the AQP1 helix bundle exhibiting a diameter of 32 Å, whereas in NhaA the ring-like structure is smaller, 23 Å in diameter. The projection map of NhaA also bears some resemblance to the organization of TM helices in the H ϩ -ATPase (Auer et al., 1998) . The H ϩ -ATPase has 10 TM helices which are organized into a right-handed four-helix bundle. This is covered on one side by a layer of four helices which are, in turn, covered by a further layer of two helices. A similar arrangement could be envisioned in NhaA based on the projection maps in Figure 3 .
The exact number of TM helices, their relative orientations and assignment in the protein sequence cannot be resolved from the projection structure of NhaA. This will require the calculation of a three-dimensional map, which is currently under way.
Materials and methods

Overexpression and purification
NhaA was overexpressed with a C-terminal His 6 tag in E.coli BL21(DE3) from a PET construct (Olami et al., 1997) , grown overnight at 30°C in 2ϫ TY medium (1.6% tryptone, 2% yeast extract, 86 mM NaCl) plus ampicillin. Overexpression occurred without IPTG induction by exploiting the leaky T7 promoter, and in spite of the presence of an endogenous NhaA background present in BL21(DE3). Total E.coli membranes were isolated from cells disrupted by passing several times through a microfluidizer, harvested by differential centrifugation and stored at 10 mg/ml protein at -20°C. Membranes were solubilized in 1% dodecyl β-D-maltoside (DDM) for 20 min at 23°C and were then bound to Ni 2ϩ -NTA resin (Qiagen) in a batch at 23°C for 15 min or 1 h at 4°C, transferred to a column and washed with 30 mM imidazole (pH 8.0) and 300 mM NaCl. NhaA was then eluted with 25 mM K ϩ acetate pH 4, 300 mM KCl, 30% glycerol and 0.1-0.02% DDM, and stored at 4°C.
Two-dimensional crystallization
Crystallization was performed by dialysis of a solution containing 0.8 mg/ml protein and E.coli polar lipids (Avanti Polar Lipids) at lipid to protein ratios of 0.2-0.5 (w/w). Dialysis of 50-100 μl samples was performed in glass capillaries (Kühlbrandt, 1992) or Dispo-biodialyzers (AmiKa Corp.) and 300-500 μl samples in Slide-a-lysers (Pierce). Dialysis against 25 mM K ϩ acetate pH 4, 150 mM KCl, 0.1 mM GdCl 3 , 5% glycerol, 5% MPD and 3 mM NaN 3 resulted in well-ordered crystals exhibiting a unit cell of~48ϫ181 Å after 4-6 days at 37°C which were stable upon storage at 4°C for several weeks. Dialysis against the same buffer except with no MPD and in the presence of 10% glycerol produced crystals exhibiting a unit cell of 48ϫ191 Å.
Electron microscopy
Negatively stained grids were prepared with 2% uranyl acetate, and images recorded using a Philips CM12 or CM120 microscope at a magnification of 45 000ϫ. Frozen-hydrated specimens were prepared by the back injection of a 2 μl aliquot of the crystal solution into a 0.6% tannin pH 6 solution on continuous carbon film on a copper or molybdenum grid, blotted and rapidly frozen in liquid N 2 (Wang and Kühlbrandt, 1991) . Images were recorded using a JEOL 3000 SFF equipped with a field emission gun and liquid helium cooled top entry stage using a 0°tilt holder, with an accelerating voltage of 300 kV at a nominal specimen temperature of 4 K and a magnification of 53 300ϫ or 70 000ϫ. Images were either recorded in flood beam mode with a 1 s exposure time at an estimated electron dose of 20-30 electrons/Å 2 , or using a spot scan procedure with an exposure time of 40 ms per spot and a similar total dose. Images were recorded on Kodak SO-163 electron emulsion film and developed for 12 min in full-strength Kodak D19 developer. Images were evaluated by optical diffraction and those exhibiting strong reflections at~8-13 Å resolution were selected for further analysis.
Image processing
Well ordered areas of 6000ϫ6000 pixels corresponding to~4 cm on the negatives were digitized using a 7 μm pixel size on a Zeiss SCAI scanner. Images were processed using MRC image processing programs to correct for lattice distortions, the contrast transfer function, astigmatism and beam tilt (Henderson et al., 1986; Crowther et al., 1996) . Comparison of phase residuals (Valpuesta et al., 1994) revealed p22 1 2 1 symmetry.
